INTRODUCTION
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converted by the wild type enzyme (18, 19) . As a side product of this work, we also obtained a HbpA variant, which we denoted HbpA ind , with activity towards the hydroxylation of indole.
In this study we report on the characterization of HbpA ind with respect to its catalytic properties. While previous work on indole oxygenating enzymes mainly aimed at the biotechnological production of indigo, we were especially interested in the formation of the byproduct indirubin. Indirubin and its analogues have been identified as potent inhibitors of cyclin-dependent kinases (CDK) (20). The crystal structure of CDK2 in complex with indirubin derivatives showed that indirubin binds to the kinase's ATP binding site. As a consequence, it inhibits the proliferation of a wide range of cells and belongs to a group of novel anticancer compounds that act on the cell cycle (21).
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bound FAD upon binding of substrate (27) . For this 12 µM purified wild type HbpA and HbpA ind were titrated with known concentrations of 2-hydroxybiphenyl or indole and the resulting spectra were recorded using a Varian Cary E1 UV/Vis spectrophotometer.
Plotting delta absorbance at a specific wavelength allowed the calculation of the dissociation constants by weighted non-linear regression analysis (Enzfitter, ElsevierBiosoft, UK).
High Pressure Liquid Chromatography Mass Spectroscopy (HPLC-MS) Analysis -
Analysis of compounds formed during in vitro indigo assays was done with reverse phase HPLC-MS (Hewlett Packard, 1100 MSD). The compounds were separated with a Hypersil ODS column (5 µm, 4.5 x 125 mm) and detected with a diode array detector and a mass spectrometer. Acidified (0.1% formic acid) H 2 O (solvent A) and 50% methanol/50% acetonitrile (solvent B) were applied as mobile phase according to the following timetable: 0 to 8 min, 85A/15B, flow 1 ml min -1 ; gradient to 10 min, to 65A/35B, flow 2 ml min -1 ; to 15 min, 65A/35B, flow 2 ml min -1 . Standards for isatin, Freeze fracturing was carried out following the standard procedures using a Balzers BAF 300 apparatus (Balzers-Union Inc., Balzers, Liechtenstein). The specimen sandwiches were fractured at -150°C and immediately replicated with platinum-carbon.
All pictures were taken with a Philips EM301 electron microscope. hours, while cultures of the host synthesizing HbpA remained colorless (Fig. 2 ).
RESULTS
Directed Evolution of HbpA
Recombinant protein levels in both cultures were checked by SDS-PAGE and HbpA levels were determined to be in the same range of about 20% of total cell protein.
Stability of Biotechnologically Produced Indigo
When pigments were extracted with DMF from recombinant E. coli JM101 cultures, the extract had a deep blue color. The blue color disappeared upon storage at room temperature and the solution turned red (Fig. 3) . 
General Properties of HbpA ind
The mutant monooxygenase HbpA ind differes from wild-type HbpA by two amino acids: Asp 222 was substituted by valine and Val 368 was substituted by alanine. HbpA ind was purified according to the procedure developed for the wild-type enzyme with a yield of about 30%. Analytical size exclusion chromatography showed that the mutant monooxygenase formed a tetramer, which is also the case for wild-type HbpA (14).
Major Reaction Products of Indole Hydroxylation by HbpA ind
To identify the major reaction products of indole hydroxylation, in vitro indigo formation assays were performed. After 30 min a sample was taken and immediately saturated with argon. The proteins were precipitated and separated by centrifugation.
The pigments in the pellet were extracted with DMF and analyzed by TLC. They were identified as indigo and indirubin. Analysis of the aqueous phase by HPLC-MS revealed the presence of 3-hydroxyindole (indoxyl) and 2-indolinone (oxindole). When a sample was taken after 60 min assay time, isatin was also detected (Table I) .
Substrate Spectrum of HbpA ind
To investigate the substrate range of the HbpA ind mutant monooxygenase, in vitro isomer. UV/Vis spectra showed the peak at 4.1 min to have a maximum at 494 nm, whereas the peak at 3.5 min had a maximum at 480 nm. Thus the molecular mass and the spectral properties indicate that the dihydroxy derivatives of indoxyl red were formed ( Fig. 7 ).
Catalytic Properties of HbpA and HbpA ind
Specific Activities towards 2-Hydroxybiphenyl and Indole -In vitro activity of the purified proteins towards the natural substrate 2-hydroxybiphenyl was determined by measuring substrate consumption and product formation with reverse phase HPLC. The k cat of HbpA ind was significantly lower than that of the wild type enzyme (Table II) .
Indole hydroxylation activities were determined in assays with purified proteins and NADH regeneration by formate dehydrogenase from Candida boidinii. The assay mix containing the mutant monooxygenase showed a blue color within the first 30 min, whereas the assay mix with the wild type enzyme remained white. HbpA ind formed up to 170 µM indigo, whereas hardly any indigo formation could be observed for HbpA (Fig.   4 ). The indole hydroxylation activity of HbpA ind was approximately 20 mU mg -1 purified protein or about 18 times higher than the corresponding value for the wild type enzyme. (Table II) .
Equilibrium Binding of Substrates to
Uncoupling of NADH Oxidation from 2-Hydroxybiphenyl Hydroxylation -Wild-type
HbpA shows an uncoupling of NADH oxidation from 2-hydroxybiphenyl hydroxylation of 21% (18). Substitution of a single amino acid (Val368Ala in HbpA T1 ) completely coupled these two reactions (18). In contrast, there was significant uncoupling of NADH oxidation from hydroxylation for HbpA ind , compared to HbpA and HbpA T1 (Table III) .
To investigate whether the increased uncoupling in HbpA ind is an effect of the combination of the two amino acid substitutions or only due to the D222V exchange, the single mutant D222V (HbpA D222V ) was constructed by site directed mutagenesis.
Uncoupling of NADH oxidation from 2-hydroxybiphenyl hydroxylation was 3-fold higher for the HbpA D222V mutant monooxygenase than for the wild-type protein (Table   III) . Indigo extracted from recombinant E. coli cell cultures showed only limited stability when stored in DMF at room temperature. This could be attributed to the pH of the solution. It is known from denim manufacturing, that at basic pH indigo is chemically reduced to its water soluble form indigo white. In contrast, the formed indirubin was stable when extracted and stored in DMF.
Major Reaction Products of Indole Hydroxylation
The products of indole oxidation by different mono-and dioxygenases have been investigated. Indole-epoxide has been suggested as a product for the reaction catalyzed by styrene monooxygenase (7), and indoxyl (3-hydroxyindole) has been identified as a hydroxylation product of cytochrome P450 enzymes (6) . Oxidation by naphthalene dioxygenase results in the formation of 2,3-dihydroxy-2,3-dihydroindole (2). All these reaction products are unstable and spontaneously form pigments. The identification of the intermediates formed during in vitro indigo assays with HbpA ind suggests a similar route as observed for the P450 enzymes (Fig. 6 ). The identification of 3-hydroxyindole 
Catalytic Properties of HbpA ind
We characterized HbpA ind with respect to its catalytic properties. The variant activity towards indole was about 18-fold increased compared to the wild type enzyme. This increase was concomitant with an enhanced affinity of the enzyme towards this substrate. The in vitro activity of the mutant monooxygenase towards the natural substrate 2-hydroxybiphenyl was significantly decreased, while its affinity towards this substrate remained unchanged. This is mostly due to a slower flavin reduction, as indicated by the reduced NADH oxidation rate. In addition, uncoupling of NADH oxidation from substrate hydroxylation was significantly increased in HbpA ind . HbpA ind evolved from the single mutant V368A (HbpA T1 ) by directed enzyme evolution. In contrast to wild-type HbpA, HbpA T1 fully couples NADH oxidation to 2-hydroxybiphenyl hydroxylation. We have suggested that this is due to the stabilization and/or improved positioning of the flavin (C4a)-hydroperoxide towards the substrate (18). This enhanced hydroxylation efficiency was completely destroyed by the substitution D222V: in HbpA ind the uncoupling was twice that of the wild-type protein with 2-hydroxybiphenyl as substrate, while the unproductive NADH oxidation rate was similar in both enzymes. The single mutant HbpA D222V even showed a 3-fold increased uncoupling, which was concomitant with a 3-fold increased unproductive NADH oxidation rate. Thus, substitution D222V in HbpA ind and HbpA D222V directly increases the ratio of flavin (C4a)-hydroperoxide decay to 2,3-dihydroxybiphenyl formation (Fig. 8 ).
This ratio is primarily influenced by the stabilization of the flavin (C4a)-hydroperoxide, the solvent access to the active site and the reactivity of the substrate towards 
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